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The folding of protein, an important process for protein
to fulfill normal functions, takes place in crowded physio-
logical environments. a-Lactalbumin, as a model system
for protein-folding studies, has been used extensively
because it can form stable molten globule states under a
range of conditions. Here we report that the crowding
agents Ficoll 70, dextran 70, and polyethylene glycol
(PEG) 2000 have different effects on the structural stabil-
ity of human a-lactalbumin (HLA) represented by the
transition to a molten globule state: dextran 70 dramatic-
ally enhances the thermal stability of Ca21-depleted HLA
(apo-HLA) and Ficoll 70 enhances the thermal stability of
apo-HLA to some extent, while PEG 2000 significantly
decreases the thermal stability of apo-HLA. Ficoll 70 and
dextran 70 have no obvious effects on trypsin degradation
of apo-HLA but PEG 2000 accelerates apo-HLA degrad-
ation by trypsin and destabilizes the native conformation
of apo-HLA. Furthermore, no interaction is observed
between apo-HLA and Ficoll 70 or dextran 70, but a
weak, non-specific interaction between the apo form of
the protein and PEG 2000 is detected, and such a weak,
non-specific interaction could overcome the excluded-
volume effect of PEG 2000. Our data are consistent with
the results of protein stability studies in cells and suggest
that stabilizing excluded-volume effects of crowding
agents can be ameliorated by non-specific interactions
between proteins and crowders.
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Introduction

The folding of proteins, an important process for the pro-
teins to fulfill their normal functions, takes place in
crowded physiological environments [1–3]. The effect of
macromolecular crowding on protein folding and stability
is a double-edged sword [4,5]. On the one hand,

macromolecular crowding destabilizes expanded unfolded
protein conformations. These expanded protein molecules
collapse to more compact conformations, and thus both
protein folding and protein stability against thermal and
chemical denaturation as well as mechanical force are
enhanced [6–19]. On the other hand, macromolecular
crowding enhances undesirable aggregation of partially
unfolded proteins, thereby not favoring protein folding and
stability [20,21].
a-Lactalbumin has been used extensively as a model

system for protein-folding studies because it can form
stable molten globule states under a range of conditions
[22–24]. a-Lactalbumin has an amino acid sequence and
conformation comparable with that of C-type lysozymes,
but contains a Ca2þ-binding site which stabilizes the native
conformation of a-lactalbumin [24]. Under destabilizing
conditions such as low pH, the addition of moderate con-
centration of guanidine hydrochloride, and high tempera-
ture, the apo form of a-lactalbumin (Ca2þ-depleted
a-lactalbumin) forms stable molten globule states [25]. The
molten globule state is characterized by the absence of
long-lived tertiary structure, but still contains a high degree
of secondary structure with a radius of gyration only 10%
larger than the native state [26–29]. The molten globule
state of a-lactalbumin has attracted considerable interest
because it could act as an important component causing
apoptosis of tumor cells [30–32].

Ficoll 70 and dextran 70 are widely accepted as perfect
models for the principal crowding components in living
cells where the folding of proteins takes place, because
their interactions with proteins can be described using pure
excluded-volume models [3,33]. By contrast, polyethylene
glycol (PEG) is another kind of crowding agent, whose
interactions with proteins cannot be described quantitative-
ly in terms of excluded volume alone [3]. The excluded
volume effects of high-molecular-mass PEG are more ef-
fective than those of polysaccharide crowding agents, and
an attractive interaction between PEG and non-polar or
hydrophobic side chains on the protein surface is accom-
panied [3,10]. In this study, we demonstrated for the first
time that the three crowding agents Ficoll 70, dextran 70,
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and PEG 2000 had different effects on the structural stabil-
ity of human a-lactalbumin (HLA) represented by the tran-
sition into a molten globule state: dextran 70 dramatically
enhanced the structural stability of Ca2þ-depleted HLA
(apo-HLA) and Ficoll 70 enhanced that of apo-HLA to
some extent, whereas PEG 2000 significantly decreased
the structural stability of apo-HLA. Furthermore, no inter-
action between apo-HLA and Ficoll 70 or dextran 70 but a
weak, non-specific interaction between apo-HLA and PEG
2000 was observed. Such a weak, non-specific interaction
could overcome the excluded-volume effect of PEG 2000,
thereby decreasing the structural stability of apo-HLA.

Materials and Methods

Materials
HLA was prepared and purified as described previously
[34]. Purified HLA was homogenous on sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
The A1%

1cm value of 18.2 [35,36] at 280 nm was used for
protein concentration measurements. The crowding agents,
Ficoll 70, dextran 70, and PEG 2000/20000, were obtained
from Sigma (Sigma-Aldrich, St Louis, USA). Dithiothreitol
was a Biomol product (Biomol Co., Hamburg, Germany).
All other chemicals used were made in China and of ana-
lytical grade. All reagent solutions used were prepared in
10 mM NaH2PO4–Na2HPO4 buffer containing 100 mM
NaCl and 1 mM EGTA (pH 7.0) unless specified
otherwise.

Intrinsic fluorescence spectroscopy
Intrinsic fluorescence measurements at a protein concentra-
tion of 10 mM were performed using an excitation wave-
length of 280 nm and emission was collected between 300
and 400 nm. The excitation and emission slits were 10 and
4 nm, respectively, and the scan speed was 100 nm/min.
Measurements were performed at 20.0–60.08C.

Circular dichroism measurements
Circular dichroism (CD) spectra were obtained by using a
Jasco J-810 spectropolarimeter (Jasco Corporation, Tokyo,
Japan) with a thermostated cell holder. Quartz cells with a
1-mm light path length and a 10-mm light path length were
used for measurements in the far-ultraviolet (UV) regions
and the near-UV regions, respectively. Spectra were
recorded from 195 to 250 nm for far-UV CD and from 250
to 300 nm for near-UV CD, respectively. The final concen-
trations of apo-HLA were kept at 10 mM for far-UV CD
and 70 mM for near-UV CD, respectively. The averaged
spectra of several scans were corrected relative to the buffer
blank. The mean residue ellipticity [u] (degree cm2 †

dmol21) was calculated using the formula [u] ¼ (uobs/
10)(MRW/lc), where uobs is the observed ellipticity in

degrees, MRW the mean residue molecular weight
(115.3 Da for apo-HLA), l the path length in centimeters,
and c the protein concentration in grams per milliliter.
Measurements were made at 25.0 or 55.08C.

Thermal unfolding measurements
Thermal unfolding of apo-HLA at pH 7.0, represented by
the transition to a molten globule state, was achieved by in-
trinsic fluorescence spectroscopy, by increasing the tem-
perature from 20.0 to 60.08C. The denaturation of
apo-HLA under such conditions was reversible. The
protein was excited at 280 nm and emission data were col-
lected at 365 nm with a heating rate of 38C/min. The accur-
ate temperature of the sample was recorded by inserting a
K-type tip temperature meter into a 1-cm thermostated
quartz fluorescence cuvette containing apo-HLA solution.
The thermal unfolding curves of apo-HLA were globally
fit to the following equation:

Fobs ¼
½ðan þ bnTÞ þ ðau þ buTÞe�DGuðTÞ=RT �

½1þ e�DGuðTÞ=RT � ð1Þ

where Fobs is the observed fluorescence intensity at a given
temperature, a and b are the intercept and slope, respective-
ly, of pre- (subscript n) and post-transition (subscript u)
baselines, R denotes the molar gas constant and T the abso-
lute temperature. DGu(T) is the standard Gibbs free energy
change upon apo-HLA unfolding and is defined as

DGuðTÞ ¼ DHmð1� T=TmÞ � DCp½ðTm � TÞ
þ T lnðT=TmÞ� ð2Þ

where DHm and DCp are the changes in enthalpy and heat
capacity associated with apo-HLA unfolding, respectively,
and the melting temperature (Tm) is the mid-point of
the thermal unfolding curve, the temperature at which
DGu(T) ¼ 0.

The fraction of unfolded apo-HLA, f (U), versus tem-
perature was calculated according to the following equa-
tion:

f ðUÞ ¼ Fobs � an � bnT

au þ buT � an � bnT
ð3Þ

Trypsin proteolysis
For the digestion experiments of apo-HLA, samples were
treated with trypsin at apo-HLA : trypsin mass ratio 10 : 1
in the absence and in the presence of a crowding agent
(100 g/L Ficoll 70, 100 g/L dextran 70, or 2–100 g/L PEG
2000/20000). After incubation in 10 mM NaH2PO4–
Na2HPO4 buffer (pH 7.0) at 25.08C for 10 min, 10 ml of
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each sample was subjected to 13.5% SDS-PAGE. Staining
of gels was with Coomassie Blue.

Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments on the
binding of dextran 70, Ficoll 70, or PEG 2000 to apo-HLA
were carried out at 37.0 8C and pH 7.0 using an iTC200 ti-
tration calorimetry (MicroCal, Northampton, USA). A so-
lution of 14 mM apo-HLA was loaded into the sample cell
(200 ml), and a solution of 0.714 mM dextran 70,
0.714 mM Ficoll 70, or 25.0 mM PEG 2000 was placed in
the injection syringe (40 ml). The first injection (0.5 ml)
was followed by 18 injections of 2 ml. Dilution heats of
dextran 70, Ficoll 70, or PEG 2000 were measured by
injecting dextran 70, Ficoll 70, or PEG 2000 solution into
buffer alone and were subtracted from the experimental
curves prior to data analysis. The stirring rate was 600 rpm.
MicroCal ORIGIN software supplied with the instrument
was used to determine the site binding model that gave a
good fit (low x2 value) to the resulting data.

Results

Molten globule state of apo-HLA
The pH dependence and temperature dependence of struc-
tural changes of apo-HLA was characterized in Fig. 1,
using CD and fluorescence spectroscopy. Curves a, b, c,
and d in Fig. 1 represent the spectra of apo-HLA at pH 7.0
and 25.08C, pH 7.0 and 558C (thermal-induced molten
globule state), pH 3.0 and 25.08C (acid-induced molten
globule state), and pH 7.0 and 25.08C in the presence of
7.0 M guanidine hydrochloride (the unfolded state), re-
spectively. As shown in Fig. 1, the apo state of HLA had
an intrinsic fluorescence emission maximum of �336 nm
when excited at 280 nm, and was characterized with well-
defined secondary structure (a-helix) and well-defined ter-
tiary structure. The tryptophan and tyrosine emission
maximum of the protein was red-shifted, reaching 346 nm
for the thermal-induced molten globule state, to 349 nm for
the acid-induced molten globule state, and to 356 nm for
the unfolded state [Fig. 1(A)]. This indicates that in such
states, the tryptophan and tyrosine residues are gradually
exposed to a more hydrophilic environment. As shown in
Fig. 1(B,C), both thermal-induced and acid-induced
molten globule states of apo-HLA were characterized with
stabilized secondary structure but almost entirely without
rigid tertiary structure. There is an almost complete loss of
well-defined secondary structure and rigid tertiary structure
for the unfolded state of apo-HLA.

Effects of macromolecular crowding agents on the
thermal stability of apo-HLA
As mentioned above, we observed a two-state transition
between the apo state and the molten globule state for
thermal-induced unfolding of apo-HLA at pH 7.0, similar
to a recent report concerning thermal-induced unfolding of
bovine apo-a-lactalbumin at pH 7 [37]. Figure 2(A) shows
fluorescence spectra of apo-HLA unfolded thermally in the

Figure 1 Molten globule state of apo-HLA detected by intrinsic
fluorescence emission, far-UV CD, and near-UV CD (A) Intrinsic

fluorescence emission spectra of apo-HLA. (B) Far-UV CD spectra of

apo-HLA. (C) Near-UV CD spectra of apo-HLA. Curves a, b, c, and d

represent the spectra of apo-HLA at pH 7.0 and 25.08C, pH 7.0 and

55.08C (thermal-induced molten globule), pH 3.0 and 258C (acid-induced

molten globule), and pH 7.0 and 25.08C in the presence of 7.0 M

guanidine hydrochloride (unfolded state), respectively.
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absence of crowding agents. As shown in Fig. 2(B), when
the incubation temperature increased gradually from 20.0
to 60.08C, a gradual decrease in fluorescence intensity took

place at the first stage, a significant increase in fluorescence
intensity together with a red shift of intrinsic fluorescence
emission maximum occurred at the second stage, and a
gradual decrease in fluorescence intensity took place once
again at the final stage. Here we studied the effects of
macromolecular crowding agents on the thermal stability of
apo-HLA. We collected the data of fluorescence intensity
at 365 nm with a heating rate of 38C/min and obtained the
thermal unfolding curves of apo-HLA in the absence of a
crowding agent and in the presence of 200 g/L Ficoll 70,
dextran 70, or PEG 2000 [Fig. 2(B,C)], and in the presence
of 50, 100, 200, and 300 g/L one of these crowding agents
(Fig. 3). The melting temperature of apo-HLA at pH 7.0
was obtained by best fitting the data of intrinsic fluores-
cence in Figs. 2 and 3 to a two-state model represented by
equations (1) and (2). The calculated best-fit curves and
the experimental results are in good agreement within the
experimental errors. Thermal stabilities of apo-HLA in the
presence of different concentrations of crowding agents
and in dilute solutions are summarized in Table 1.
Apo-HLA had a melting temperature of 312.8 K (39.78C)
in dilute solutions (Table 1). We obtained a similar value
of Tm of apo-HLA in the absence of a crowding agent
when we fit the data of fluorescence intensity at 350 nm
(or 340 nm) to equations (1) and (2) (data not shown). As
shown in Table 1, the melting temperature of apo-HLA in
the presence of 300 g/L dextran 70 (52.38C) and in the
presence of 300 g/L Ficoll 70 (43.58C) increased 12.6 and
3.88C, respectively, but Tm of apo-HLA in the presence of
300 g/L PEG 2000 (33.68C) and in the presence of 300 g/L
PEG 20000 (35.68C) decreased 6.1 and 4.18C, respectively,
compared with that in dilute solutions. On average, the
thermal midpoint (the melting temperature) was increased
by 8 and 38C in the presence of dextran 70 and Ficoll 70,
respectively, but decreased by 5 and 48C in the presence of
PEG 2000 and PEG 20000, respectively, as compared with
in buffer. Given the model used to analyze the data, it is
possible to report differences in the free energy changes
(DG), which would be more useful for purposes of com-
parisons with theory and other experiments [6,9,12–14].
As shown in Fig. 4, at the same temperature, the free
energy change of apo-HLA in the presence of 200 g/L
dextran 70 or 200 g/L Ficoll 70 increased remarkably, but
DG of apo-HLA in the presence of 200 g/L PEG 2000 or
200 g/L PEG 20000 decreased noticeably, compared with
that in dilute solutions. Clearly, the crowding agents Ficoll
70, dextran 70, and PEG 2000/20000 had different effects
on the structural stability of HLA represented by the transi-
tion to a molten globule state: dextran 70 dramatically
enhanced the thermal stability of apo-HLA and Ficoll 70
enhanced the thermal stability of apo-HLA to some extent,
but PEG 2000/20000 significantly decreased the thermal
stability of apo-HLA (Table 1, Fig. 4).

Figure 2 Effects of macromolecular crowding agents on the thermal
stability of apo-HLA represented by the transition to a molten
globule state monitored by intrinsic fluorescence spectroscopy (A)

Fluorescence spectra of 10 mM apo-HLA unfolded thermally at pH 7.0 in

the absence of crowding agents. The arrow represents the incubation

temperature increased gradually from 20.08C (the top, blue) to 60.08C (the

bottom, red). (B) Diagram of normalized fluorescence intensity at 365 nm

versus temperature. (C) Diagram of the fraction of unfolded apo-HLA

versus temperature. Diagram C was achieved by fitting the data of diagram

B to equation (3). Thermal unfolding curves of apo-HLA at pH 7.0 in the

absence of a crowding agent (open circle), in the presence of 200 g/L Ficoll

70 (solid square), in the presence of 200 g/L dextran 70 (solid triangle), and

in the presence of 200 g/L PEG 2000 (solid inverse triangle).
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Effects of macromolecular crowding on apo-HLA
degradation by trypsin
Next, we examined the structural stability of apo-HLA at
pH 7.0 in the presence of one of the three crowding agents
by using digestion with trypsin (Fig. 5). As shown in
Fig. 5(A), for apo-HLA incubated in the absence of a
crowding agent, a protein band (thick band) corresponding
to apo-HLA (the apo state) and another band (thin band)
corresponding to a fragment of apo-HLA were observed
when treated with trypsin. Similarly, a thick band corre-
sponding to apo-HLA and a thin band corresponding to a
fragment of apo-HLA were observed when apo-HLA was
treated with trypsin in the presence of 100 g/L Ficoll 70 or
100 g/L dextran 70 [Fig. 5(A)]. However, as shown in
Fig. 5(B,C), for apo-HLA incubated in the presence of
100 g/L PEG 2000 and 100 g/L PEG 20000, respectively,
only the peptide band corresponding to a fragment of
apo-HLA was observed when treated with trypsin, and a
protein band corresponding to apo-HLA almost disap-
peared. Furthermore, such a protein band turned out to be
fainter when the concentration of PEG 2000 increased
from 2 to 50 g/L [Fig. 5(B)]. Clearly, Ficoll 70 and dextran
70 had no obvious effects on trypsin degradation of
apo-HLA but PEG 2000 and PEG 20000 accelerated

apo-HLA degradation by trypsin and destabilized the
native conformation of apo-HLA.

Binding of dextran 70, Ficoll 70, or PEG 2000 to
apo-HLA
ITC provides a direct route to the complete thermodynamic
characterization of non-covalent, equilibrium interactions
[38–43]. Therefore, we finally used ITC to measure the
binding affinity of dextran 70, Ficoll 70, or PEG 2000 to
apo-HLA. ITC profiles for the binding of dextran 70,
Ficoll 70, or PEG 2000 to apo-HLA at 37.08C are shown
in Fig. 6. The top panels in Fig. 6 representatively show
raw ITC curves resulting from the injections of dextran 70
[Fig. 6(A)], Ficoll 70 [Fig. 6(B)], or PEG 2000 [Fig. 6(C)]
into a solution of apo-HLA. The middle panels in Fig. 6
show the background measurements in which dextran 70
[Fig. 6(D)], Ficoll 70 [Fig. 6(E)], or PEG 2000 [Fig. 6(F)]
were injected into the buffer alone. The bottom panels in
Fig. 6 show the plot of the heat evolved per mole of
crowder added, corrected for the heat of crowder dilution,
against the molar ratio of dextran 70 [Fig. 6(G)], Ficoll 70
[Fig. 6(H)], or PEG 2000 [Fig. 6(I)] to apo-HLA. As
shown in Fig. 6, the data from dextran 70 [Fig. 6(G)] and
Ficoll 70 [Fig. 6(H)]) were too small to be fitted,

Figure 3 Effects of macromolecular crowding agents at different concentrations on the thermal stability of apo-HLA represented by the
transition to a molten globule state monitored by intrinsic fluorescence spectroscopy Diagrams of normalized fluorescence intensity at 365 nm

versus temperature in the presence of 0–300 g/L Ficoll 70 (A), in the presence of 0–300 g/L dextran 70 (B), and in the presence of 0–300 g/L PEG

2000 (C). Thermal unfolding curves of apo-HLA at pH 7.0 in the absence of a crowding agent (open circle), and in the presence of 50 g/L (solid circle),

100 g/L (solid square), 200 g/L (solid triangle), and 300 g/L (solid inverse triangle) crowding agent. The concentration of apo-HLA was 10 mM.

Table 1 Thermal stability of apo-HLA in the presence of different concentrations of crowding agents

Crowding agent concentration (g/L) Tm (K)

Dextran 70 Ficoll 70 PEG 2000 PEG 20000

0 312.8+ 0.1 312.8+0.1 312.8+0.1 312.8+0.1

100 316.2+ 0.1 314.6+0.1 311.1+0.1 310.9+0.1

200 321.6+ 0.2 314.8+0.0 307.0+0.1 310.6+0.1

300 325.4+ 0.2 316.6+0.1 306.7+0.1 308.7+0.1

The melting temperature (Tm) of apo-HLA in the presence of dextran 70, Ficoll 70, or PEG 2000 was obtained by fitting the data of intrinsic

fluorescence in Figs. 2 and 3 to equations (1) and (2). Errors shown are standard errors of the mean.
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indicating that no binding was observed in the conditions
used. The best fit for the integrated heat data from PEG
2000 [Fig. 6(I)] was obtained using a three sequential
binding sites model with the lowest x2 (35.6 cal mol21),
yielding three binding constants of PEG 2000 to apo-HLA
of 102–103 M21

. Clearly, no interaction between apo-HLA
and Ficoll 70 (or dextran 70) was observed, but a weak,
non-specific interaction between the apo form of the
protein (a non-native form) and PEG 2000 was detected
(Fig. 6), and such a weak, non-specific interaction could
overcome the excluded-volume effect of PEG 2000
(Table 1). It should be pointed out that the signals are very
weak, and they possibly come from the noises [Fig. 6(I)],
because the profile in Fig. 6(C) (PEG 2000 to apo-HLA)
is similar to that in Fig. 6(F) (PEG 2000 to buffer). In add-
ition, the heat changes are extremely small (20.03 to
þ0.01 kcal † mol21) [Fig. 6(I)], which are much smaller
than the range of noise fluctuation (20.2 to þ0.2 kcal †

mol21) [Fig. 6(G,H)]. Therefore, such a weak, non-specific
interaction needs to be confirmed by other methods. These
are planned for the future.

Discussion

The apo form of a-lactalbumin can form stable molten
globule states under a range of conditions, including low
pH, the addition of moderate concentration of guanidine
hydrochloride, and high temperature [22–25]. In this study,
we employed such kind of conditions (pH 7.0 and 55.08C,
or pH 3.0 and 25.08C) to form thermal-induced molten
globule or acid-induced molten globule of apo-HLA. We
demonstrated that both thermal-induced and acid-induced
molten globule states of apo-HLA were characterized with
stabilized secondary structure but almost completely without
rigid tertiary structure. Furthermore, the thermal-induced
molten globule of apo-HLA was less unfolded than the acid-
induced molten globule. The crystal structure of a-
lactalbumin has revealed that the protein has 87 hydrogen
bonds, 68 of them preserved in secondary structure and 19
preserved in tertiary structure [44]. Combining our data and
the results from other groups [37,45], we conclude that the
thermal-induced unfolding of apo-HLA follows a two-state
model and that the thermal-induced molten globule of
apo-HLA is possibly maintained by 68 hydrogen bonds pre-
served in its secondary structure.

The usual interpretation of macromolecular crowding
effects is based on differences in the excluded volumes of
alternate conformational states [4,6,9,11–16]. Because the
molten globule of a-lactalbumin is only slightly larger than
the native state (a difference of 10% in radius of gyration)
[26–29], it is surprising that such a small change in
volume would lead to what appears to be a substantial

Figure 5 Effects of macromolecular crowding on apo-HLA
degradation by trypsin at 25.088888C (A) Lanes Ficoll and dextran

represent 70 mM apo-HLA treated by 0.10 mg/mL trypsin in the presence

of 100 g/L Ficoll 70 and 100 g/L dextran 70, respectively. (B) The last six

lanes represent 70 mM apo-HLA treated by 0.10 mg/mL trypsin in the

presence of 2, 5, 10, 20, 50, and 100 g/L PEG 2000, respectively. (C)

The last six lanes represent 70 mM apo-HLA treated by 0.10 mg/ml

trypsin in the presence of 2, 5, 10, 20, 50, and 100 g/l PEG 20000,

respectively. The buffer used was 10 mM NaH2PO4–Na2HPO4 buffer

(pH 7.0) containing 100 mM NaCl and 1 mM EGTA. M, protein

molecular weight marker: b-lactoglobulin (18.4 kDa) and lysozyme

(14.4 kDa). HLA, 70 mM apo-HLA alone, and lane buffer, 70 mM

apo-HLA treated by 0.10 mg/ml trypsin in the absence of crowding

agents.

Figure 4 Effects of macromolecular crowding agents at different
concentrations on the thermal stability of apo-HLA represented by
the free energy changes monitored by intrinsic fluorescence
spectroscopy Diagrams of the free energy changes versus temperature

in the absence of a crowding agent (open circle), in the presence of

200 g/L Ficoll 70 (solid square), in the presence of 200 g/L dextran 70

(solid triangle), in the presence of 200 g/L PEG 2000 (solid inverse

triangle), and in the presence of 200 g/L PEG 20000 (solid circle).
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crowding effect, compared with the results of simple
crowding calculations as described by Minton [46].

Ficoll 70 and dextran 70 are widely used to mimic the
excluded-volume effects in crowded physiological environ-
ments [3,33]. Compared with dextran 70, Ficoll 70 behaves
much more like a rigid sphere with a radius �55 Å
[10,14]. Ficoll 70 is a highly branched copolymer of two
short building blocks, sucrose and epichlorohydrin, making
it less flexible and more compact than dextran 70 on a mo-
lecular weight basis. In contrast, dextran 70, a flexible,
long-chain poly(D-glucose) with sparse, short branches, is
better modeled as a rod-like particle [10,14]. Both dextran
70 and Ficoll 70 are branched synthetic polymers. They
will interpenetrate each other above overlap concentration,
which is ,100 g/L [47]. In the present study, we found
that the enhancing effect of dextran 70 on the structural sta-
bility of apo-HLA was only slightly stronger than that of
Ficoll 70. Although Ficoll 70 is more compact than
dextran 70, both synthetic polymers have similar excluded
volumes under this situation.

In contrast with Ficoll 70 and dextran 70, PEG is
another kind of crowding agent, whose interactions with
proteins can be described as a competition between a repul-
sive excluded volume interaction between PEG and

proteins and an attractive interaction between PEG and pro-
teins [3,10]. It would be worthwhile to extend the current
work to analyze the effects of high concentrations of ethyl-
ene glycol, sucrose, or glucose, which are the ‘monomers’
of PEG, Ficoll, or dextran. These are planned for the
future. Both Ficoll 70 and dextran 70 are 70 kDa, but PEG
2000 is only 2 kDa. It has been reported that small solutes
destabilize proteins and larger solutes stabilize proteins
[48]. Recently, it has been shown that small PEGs actually
destabilize a 12-nucleotide DNA strand, while larger PEGs
stabilize DNA [49]. Therefore, we further used PEG 20000
as the crowding agent. Our data indicated that both Ficoll
70 and dextran 70 enhanced the structural stability of
apo-HLA represented by the transition to a molten globule
state but PEG 2000 and PEG 20000 significantly decreased
the structural stability of apo-HLA. Furthermore, no inter-
action between apo-HLA and Ficoll 70 or dextran 70 but a
weak, non-specific interaction between the apo form of the
protein and PEG 2000 was detected by ITC. Our control
ITC experiments with high salt showed no interaction
between apo-HLA and PEG 2000 in the presence of 1.0 M
NaCl (data not shown), demonstrating that high salt can
eliminate non-specific interactions. Recently, it has been
suggested that the dominant factors affecting protein

Figure 6 ITC profiles for the binding of dextran 70, Ficoll 70, or PEG 2000 to apo-HLA at 37.088888C The top panels represent the raw data for

sequential 2-ml injections of 0.714 mM dextran 70 (A), 0.714 mM Ficoll 70 (B), or 25.0 mM PEG 2000 (C) into 14 mM apo-HLA, respectively, in

10 mM NaH2PO4–Na2HPO4 buffer (pH 7.0) containing 100 mM NaCl and 1 mM EGTA. The middle panels represent the control experiments in which

0.714 mM dextran 70 (D) or Ficoll 70 (E), or 25.0 mM PEG 2000 (F) was injected into the buffer alone. The bottom panels (G, H, and I) show the plots

of the heat evolved (kcal) per mole of dextran 70, Ficoll 70, or PEG 2000 added, corrected for the heat of dextran70, Ficoll 70, or PEG 2000 dilution,

against the molar ratio of dextran 70, Ficoll 70, or PEG 2000 to apo-HLA. The data (solid square) were best fitted to a three sequential binding sites

model and the solid lines represented the best fit (I). However, the data (solid square) were too small to be fitted, indicating that no binding was observed

in the conditions used (G and H).
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behavior in vivo are a combination of excluded volume
effects and weak attractive forces [10,15,17–19,50,51]. We
thus suggest that such an attractive interaction between
PEG and apo-HLA could overcome the repulsive excluded
volume interaction between PEG and apo-HLA, thereby
decreasing the structural stability of apo-HLA. Our data are
consistent with the results of protein stability studies in
cells [18,52] and suggest that stabilizing excluded-volume
effects of crowding agents can be ameliorated by non-
specific interactions between non-native forms of proteins
and crowders. The interior of a typical cell is highly
crowded with proteins, nucleic acids, and polysaccharides,
in which proteins must jostle and compete with each other
in order to carry out their biological functions [52]. The
heterogeneity of the crowded physiological environment
can create regions where proteins are stabilized or destabi-
lized, depending on the local degree of volume exclusion
and the local extent of non-specific interactions [15,18,19].
Therefore, we propose that in crowded physiological envir-
onments, different crowding agents have different effects
on the structural stability of nearby proteins, and thereby
regulate their biological functions in a subtle but important
way.
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